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Glutaredoxins (Grxs) are ubiquitous small heat-stable disul-
fide oxidoreductases and members of the thioredoxin (Trx) fold
protein family. In bacterial, yeast, and mammalian cells, Grxs
appear to be involved in maintaining cellular redox homeosta-
sis. However, in plants, the physiological roles of Grxs have not
been fully characterized. Recently, an emerging subgroup of
Grxs with one cysteine residue in the putative active motif
(monothiol Grxs) has been identified but not well characterized.
Here we demonstrate that a plant protein, AtGRXcp, is a chlo-
roplast-localized monothiol Grx with high similarity to yeast
Grx5. In yeast expression assays, AtGRXcp localized to the
mitochondria and suppressed the sensitivity of yeast grx5 cells
to H,O, and protein oxidation. AtGRXcp expression can also
suppress iron accumulation and partially rescue the lysine aux-
otrophy of yeast grx5 cells. Analysis of the conserved monothiol
motif suggests that the cysteine residue affects AtGRXcp expres-
sion and stability. In planta, AtGRXcp expression was elevated
in young cotyledons, green tissues, and vascular bundles. Anal-
ysis of atgrxcp plants demonstrated defects in early seedling
growth under oxidative stresses. In addition, atgrxcp lines dis-
played increased protein carbonylation within chloroplasts.
Thus, this work describes the initial functional characterization
of a plant monothiol Grx and suggests a conserved biological
function in protecting cells against protein oxidative damage.

Reactive oxygen species (ROS)? can be formed as by-prod-
ucts in all oxygenic organisms during aerobic metabolism (1).
In higher plants, chloroplasts and mitochondria are two major
organelles that contribute to production of reactive oxygen spe-
cies during photosynthesis and carbon metabolism (2, 3). In
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addition, plants actively generate ROS as signals in response to
environmental stresses (3—6). However, because of the cyto-
toxic and extremely reactive nature of ROS, they can cause wide
ranging damage to macromolecules (1, 7-9). To overcome such
oxidative damage and control signaling events, plants have
orchestrated an elaborate antioxidant network (4).

Of those antioxidant systems, the physiological roles of thiore-
doxins have been intensively studied (10), whereas those of Grxs
have not been fully defined (11, 12). Grxs are ubiquitous small
heat-stable disulfide oxidoreductases, which are conserved in
both prokaryotes and eukaryotes (11, 13). Through an active
motif, namely the conserved CPYC sequence (a dithiol Grx),
they catalyze the reduction of protein disulfides and of GSH-
protein mixed disulfides via a dithiol or monothiol mechanism
(14, 15). In bacterial, yeast, and mammalian cells, dithiol Grxs
appear to be involved in many cellular processes and play an
important role in protecting cells against oxidative stresses
(16-18).

Besides the dithiol Grxs, a new group of monothiol Grxs has
recently been identified in yeast (Grx3, -4, and -5) and bacteria
(Grx4) that have a single cysteine residue in the putative active
motif (19, 20). Yeast Grx5 encodes a mitochondrial monothiol
Grx, which is required for biogenesis of iron-sulfur clusters,
whereas Grx3 and Grx4 function in detoxification of cytotoxin
and cell proliferation in yeast (21-23). Interestingly, bacterial
Grx4, unlike other previously characterized Grxs, can serve as a
substrate for thioredoxin reductase instead of NADPH/gluta-
thione reductase (20), suggesting that those monothiol Grxs
have distinct functions. This group of monothiol Grxs is also
conserved across organisms and has now been identified in
malarial parasites, plants, zebrafish, mice, and humans (24 -27).
Recent studies also indicate that those Grxs contain a newly
identified protein kinase C-interacting cousin of thioredoxin
homology domain (PICOT-HD) in their carboxyl-terminal
regions (24, 28). However, ascertaining a unifying function of
PICOT-HD Grxs has been problematic.

Photosynthetic organisms, particularly higher plants, have a
large Grx gene family; however, until recently, only a few plant
Grxs have been studied (12, 29-30). In the Arabidopsis
genome, there are at least 31 open reading frames coding for
putative Grxs, which can be divided into three major classes
that include the aforementioned monothiol Grxs (12, 30).
Genetic analysis of a CC type Grx, ROXY1, indicates an impor-
tant role of this protein in floral petal development (31). In a
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previous study, we used a yeast functional screen to identify a
PICOT-HD-containing protein that was able to activate Arabi-
dopsis CAX1 Ca>*/H™ antiport activity in a yeast expression
system; this gene was originally termed CXIPI (26). Here we
determine the subcellular localization of this first cloned plant
PICOT-HD-containing protein and reclassify the gene as
AtGRXcp. We functionally characterize the protein and per-
form initial structure-function studies using yeast expression
assays. We go on to isolate AtGRXcp knock-out mutants and
describe the phenotypes of these plants at the whole plant and
biochemical levels. For the first time, we demonstrate a role for
a plant monothiol Grx.

EXPERIMENTAL PROCEDURES

Isolation of AtGRXcp Null Alleles—To isolate atgrxcp alleles,
two T-DNA insertional mutant lines were obtained from the
SALK T-DNA collection (32). Homozygous plants from each
T, generation were obtained by PCR screening using AtGRXcp-
specific and T-DNA border primers. An AtGRXcp reverse
primer, 5'-GGG CCG GAT CCT CGA GTC AAG AGC ACA
TAGCTT TCT C-3’, and a T-DNA left border primer, 5'-GCG
TGG ACC GCT TGC TGC A-3', were used to screen for the
atgrxcpl allele. The AtGRXcp reverse primer and a T-DNA
right border primer, 5'-TGG GAA AAC CTG GCG TTA CCC
AAC TTA AT-3', were used to screen for the atgrxcp2 allele.
An AtGRXcp forward primer, 5'-GGC AAG CTT ATA AGT
TTT AAT CGT TTA TGG GGT-3’, and the AtGRXcp reverse
primer were used to amplify the wild type AtGRXcp gene. The
location of the T-DNA insertion was determined by sequencing
the PCR product. Both atgrxcp alleles were back-crossed to
their respective parental plants to remove any potential
unlinked mutations.

Plant Growth Conditions—Arabidopsis wild type (ecotype
Columbia, Col-0) and atgrxcp mutant seeds were surface-ster-
ilized, germinated, and grown on one-half strength Murashige
and Skoog medium (33) solidified with 0.8% agar and the same
medium supplemented with various concentrations of H,O,.
Iron-sufficient and -deficient media were made following a
published protocol (34).

DNA Constructs and Site-directed Mutagenesis—Yeast Grx5
was amplified by PCR using a forward primer (5'-GCC GGA
TCC ATG TTT CTC CCA AAA TTC AAT-3') and a reverse
primer (5'-CCG GAG CTC TCA ACG ATC TTT GGT TTC
TTC-3’),and the PCR products were cloned into pPGEM-T Easy
(Promega, Madison, WI). The full-length cDNA of AtGRXcp
was isolated through a yeast functional screen and originally
termed CXIPI (for CAX1-interacting protein 1) (26). AtGRXcp
was predicted to have a 63-amino acid signal peptide by analysis
with the Chloro P (version 1.1) program (available on the World
Wide Web at www.cbs.dtu.dk/services/ChloroP/). To remove
this N-terminal signal peptide, a truncated form of AtGRXcp
was amplified by PCR using a forward primer (5'-GGG CTC
GAG AGA TCT GCG ATG GCG TCG GCT CTT ACG CCG-
3') and the AtGRXcp reverse primer. Site-directed mutagenesis
was performed as described previously (35). A forward primer
(5"-GAA TCC CGT CTC CCC ATG GCT GGA TTC TCC
AACACT GTG GTT CAGATT TTG-3') and a reverse primer
(CGFS; 5'-GAA TTC CGT CTC CAT GGG GAA GTC TCT
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CGT TCC TTT C-3') were used for creating the C97A muta-
tion. A forward primer (5'-GAA TCC CGT CTC CCG ATG
TGT GGA GCATCCAACACT GTGGTT CAGATT TTG-3')
and the reverse primer CGFS were used for creating the
F99A mutation. The fidelity of all clones was confirmed by
sequencing.

Yeast Strains, Expression Constructs, and Growth Assays—
Saccharomyces cerevisiae wild type strain CML235 (MATa
ura3-52 leu2A1 his3A200), grx5 (MATa ura3-52 leu2Al
his3A200 grx5:kanMX4) were provided by Dr. Enrique
Herrero (Universitat de Lleida, Lleida, Spain) and used in all
yeast experiments. Yeast Grx5 and AtGRXcp and its variants
were cloned into piUGpd (36). Yeast cells were transformed by
using the LiOAc method (37). All yeast strains were assayed on
YPD medium (yeast peptone dextrose, rich medium), with or
without various concentrations of H,O,, and SC medium plus
six amino acids or five amino acids without lysine (21, 26).

Localization of AtGRXcp-Green Fluorescent Protein (GFP)
Fusions in Yeast and Plant Cells—Full-length and truncated
AtGRXcp and its variants were fused to the N terminus of green
fluorescent protein (GFP) using a procedure described previ-
ously (38). The GFP constructs were subcloned into yeast and
plant expression vectors as described previously (38). The sub-
cellular localization of the fused proteins was imaged in com-
parison with labeled organelle markers (chloroplasts, mito-
chondria, Golgi, and peroxisome) as described previously (38).
A peroxisome-targeted DsRed (red fluorescent protein),
DsRed-per, was constructed by adding the plant peroxisome-
targeting signal, KSRM, to the end of DsRed (39). The fluores-
cence signals were detected at 510 nm (excitation at 488 nm) for
GFP, at 582 nm (excitation at 543 nm) for DsRed, and at 660 nm
(excitation at 633 nm) for chlorophyll using Leica TCS SP2
AOBS confocal laser-scanning microscope. The fluorescence
intensities were quantified by using the LCS software.

AtGRXcp::GUS Transgenic Plants—A 397-bp DNA sequence
upstream of ATG of AtGRXcp open reading frames was ampli-
fied from genomic DNA by using the following primer sets:
forward primer (5'-GGC AAG CTT ATA AGT TTT AAT
CGT TTA TGG GGT-3’) and reverse primer (5'-GCC TCT
AGATTTTGACGACTTTTAGAT TTG GAA-3'). The PCR
fragment was cloned into pBI121 to replace the 35S CaMYV pro-
moter, resulting in plasmid pAtGRXcp:GUS. Agrobacterium
transformation of Arabidopsis plants was performed as described
previously (40). More than 50 T2 generation plants were selected
for Kan resistance.

Protein Oxidation Analysis—Carbonyl assays for analysis of
oxidized proteins in both yeast and plant cells were performed
as previously described (19, 41, 42). Yeast cultures of the strains
(CML235 and grx5) expressing vector, GrxS5, and AtGRXcp
were grown in YPD media overnight at 30 °C. Half of the culture
of each strain was subjected to treatment with 5 mm H,O, for
1 h. Total proteins were extracted from cells with and without
treatment. Western blot analysis was used to determine car-
bonyl group content. Arabidopsis chloroplasts were isolated
from photosynthetic tissues of 6-week-old flowering wild type-,
atgrxcp-, and AtGRXcp-overexpressing plants (43). The oxi-
dized proteins were detected by protein gel blotting using anti-
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FIGURE 1.Sequence analyses of monothiol Grxs. Alignment of monothiol Grx sequences was performed with ClustalW software (available on the World Wide
Web at www.ebi.ac.uk/clustalw/). The conserved putative monothiol active motif CGFS is indicated by asterisks. Accession numbers are as follows: AtGRXcp
(AY157988), AtGRX2 (AY157989), AtGRX3 (ADD17344), AtGRX4 (BAB02297), EcGrx4 (P37010), DrGrx5 (AAZ30729), GaGRX (Tc29218), Hspicot (AAF28844),
HsGrx5 (AAH47680), Mmpicot (AAF28842), MmGrx5 (Q80Y14), MtGRX (Tc102010), OsGRX1 (AAO20065), OsGRX2 (ABA96598), OsGRX3 (AAM93692), OsGRX4
(BAB62565), OsGRX5 (BAB91855), OsGRX6 (BAD87472), OsGRX7 (BAD68123), PfGLP-1 (CAB38997), ScGrx3 (Q03835), ScGrx4 (P32642), ScGrx5 (Q02784), Syn-
ecGrx (AAD19873), TaGRX (Tc254245), and XtGrx (AAH75374), where At represents Arabidopsis thaliana, Dr is Danio rerio, Ec is Escherichia coli, Ga is Gossypium
arboretum, Hs is Homo sapiens, Mm is Mus musculus, Mt is Medicago truncatula, Os is Oryza sativa, Pf is Plasmodium falciparum, Sc is Saccharomyces cerevisiae,

Synec is Synechocystis, Ta is Triticum aestivum, and Xt is Xenopus tropicalis.

dinitrophenylhydrazone antibody (42) (Bethyl Laboratory,
Montgomery, TX).

Measurement of Iron Concentration—Yeast strains (CML235
and grx5) expressing vector, GrxS5, and AtGRXcp were grown in
50 ml of selection media (—Ura) overnight at 30 °C. Each yeast
culture was inoculated into 300 ml of YPD medium and grown
until an A, of 1.0 was reached. Yeast cells were harvested and
washed and dried at 70 °C and subjected to inductively coupled
plasma spectrometry analysis (44). To determine the soluble
iron concentration, cells were sonicated and broken with a
Sonic Dismembrator (Fisher), and the intracellular iron con-
tent was examined with a QuantiChron™" iron assay kit (Bio-
Assay Systems, Hayward, CA).

RESULTS

AtGRXcp Is a Member of the Monothiol Glutaredoxins—
CXIP1 (CAX-interacting protein 1; accession number
AY157988) was originally identified based on its function in a
yeast assay (26); however, we propose that CXIP1 should be
reclassified as AtGRXcp. Our computational analysis revealed
that AtGRXcp is similar to yeast monothiol Grxs (Grx3, -4, and
-5), bacterial Grx4, PfGLP-1 from a malarial parasite, and both
zebrafish and mice Grx5 (Fig. 1). This group of monothiol Grxs
also contains a PICOT-HD, which is conserved in PICOTs
from mammalian cells and plants (28). Several Grxs, like yeast
Grx3 and -4, and human PICOT, have an N-terminal extension;
however, AtGRXcp, similar to the bacterial Grx4, and both
yeast and zebrafish Grx5, does not contain the N-terminal
extension (Fig. 1) (19, 20, 27). In addition, our analysis suggests
that in higher plants, these monothiol Grxs exist in both mono-
cots and dicots (Fig. 1). In Arabidopsis, there are four members
of these Grxs (Fig. 1). A dithiol Grx has two cysteine residues in
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the active motif that are able to catalyze protein disulfides and
GSH-protein mixed disulfides (11, 17, 18); however, the sub-
family of Grxs has only one conserved cysteine residue in the
putative active motif, termed “CGFS” (Fig. 1). These observa-
tions indicate that monothiol Grxs are also conserved through-
out prokaryotes and eukaryotes (Fig. 1). Based on the sequence
analysis of those Grxs, we conclude that AtGRXcp is the first
cloned plant monothiol Grx.

AtGRXcp Is a Chloroplast-localized Monothiol Grx—Mono-
thiol Grxs have a diverse subcellular distribution in multiple
organisms. For example, yeast Grx5 is mitochondria-localized
(21), and Grx3 targets to nuclei (45), whereas a human PICOT is
located in the cytosol (24). In order to gain insight into the
function of AtGRXcp, we fused it with GFP at its C terminus
and transiently expressed this fusion protein in tobacco leaf
cells. Using various organelle markers, AtGRXcp-GFP was
shown to clearly target to chloroplasts rather than mitochon-
dria, Golgi, or peroxisomes in mesophyll cells (Fig. 24). Analy-
sis of the AtGRXcp sequence predicts that a 63-amino acid
signal peptide is present at the N terminus (data not shown). To
experimentally verify this, we removed this putative signal pep-
tide and fused the truncated AtGRXcp (AtGRXcpA63) with
GEFP for transient expression in tobacco cells. As shown in Fig.
2B, AtGRXcpA63-GFP no longer targeted to chloroplasts and
instead was dispersed throughout the cytosol and nuclei, simi-
lar to observations with free GFP (Fig. 2B, data not shown).

AtGRXcp Suppresses the Sensitivity of a Yeast grx5 Mutant to
H,0,—Yeast grx5 cells are growth-impaired in minimal
medium and sensitive to oxidative stresses (19, 21). To examine
if AtGRXcp could restore Grx5 function and suppress the sen-
sitivity of grx5 cells to an external oxidant, H,0O,, we expressed

VOLUME 281-NUMBER 36+SEPTEMBER 8, 2006

6002 ‘TT AN U0 Y3 LNID HOYVYISIY TYNOIDIY NYILSV3 Ye 610°0q[ mmm woly papeojumoq


http://www.jbc.org

Arabidopsis Chloroplastic Monothiol Glutaredoxin

A AtGRXcp-GFP DsRed-per Merged similar manner to wild type cells

(Fig. 3A). These observations sug-
gest that AtGRXcp is able to sup-
press the sensitivity of grx5 cells to
oxidative stress.

Given that AtGRXcp localized to
chloroplasts, which are specific to
plants (Fig. 2) and yeast Grx5 is a
mitochondrial Grx (21), the sup-
pression of grx5 phenotypes man-
St-RFP(Golgi) dates that the subcellular localiza-
tion of AtGRXcp in yeast cells
differs from that seen in plants.
To investigate this, AtGRXcp-
GFP was expressed in yeast cells.
Yeast growth assays revealed that
AtGRXcp-GFP was functional and
could suppress the sensitivity of
grx5 cells to H,O, (Fig. 3B).
AtGRXcp-GFP Mito-Trackll Through immunolabeling studies,
AtGRXcp-GFP localized to mito-
chondria in yeast cells, whereas a
truncated AtGRXcpA63-GFP was
unable to target to this organelle
(Fig. 3C). Targeting of AtGRXcp to
mitochondria was essential for the
function of this protein in yeast,
since both AtGRXcpA63 and
AtGRXcpA63-GFP were unable to
suppress the sensitivity of grx5 cells
to H,0, (Fig. 3, A and B).

AtGRXcp Is Able to Protect Cells
against Protein Oxidation and Res-
cue the Lysine Auxotrophy of a Yeast
grx5 Mutant—In grx5 cells, total
protein carbonyl content is signifi-
cantly increased under oxidative
stress (Fig. 4A), suggesting that
yeast Grx5 plays a vital role in
directly protecting enzymes from
oxidative damages (19, 21). In order
to determine if AtGRXcp could
directly reduce protein carbonyla-
tion in the gra5 cells, we per-
formed Western blot analysis of
total proteins isolated from vec-
tor-, AtGRXcp- and Grx5-express-
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B AtGRXcpA63-GFP Chloroplast

ing grx5 cells grown in H,0,-con-
FIGURE 2. Subcellular localization of AtGRXcp-GFP in plant cells. A, AtGRXcp-GFP is localized to chloroplasts taining YPD media. Oxidized
in tobacco cells. The left panels display the transient expression of AtGRXcp-GFP in tobacco cells; central panels . . :
display fluorescence from individually labeled markers for plant organelles or fluorescing chloroplasts; and ~ protein content in AfGRXcp-ex-
right panels show the merged images. B, a truncated AtGRXcp-GFP fusion is not targeting to chloroplasts. Scale pressing cells was reduced com-
bars, 25 um.

pared with the vector-expressing
cells but similar to Grx5-expressing
vector control, AtGRXcp, and yeast endogenous Grx5 in grx5  cells (Fig. 4A). These results demonstrate that AtGRXcp can
cells. All yeast strains grew normally in YPD liquid media (rich  protect cells against protein oxidative damages.

media) after 48 h of growth (Fig. 34). Whereas vector-express- Yeast Grx5 is a mitochondrial Grx required for the matura-
ing grx5 cells were growth-impaired in the medium with 3 mm  tion of Fe-S clusters (21, 46). Deletion of Grx5 results in inacti-
H,0,, both AtGRXcp- and Grx5-expressing grx5 cells grewina vation of the mitochondrial Fe-S enzyme homoaconitase,
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FIGURE 3. AtGRXcp is able to suppress the sensitivity of grx5 cells to H,0,.
A and B, vector-expressing wild type cells and vector-, AtGRXcp-, AtGRXcp-
GFP-, AtGRXcpA63-, AtGRXcpA63-GFP-, and Grx5-expressing grx5 cells were
grown in YPD liquid media and the same media supplemented with 3.0 mm
H,0,. Cell density was measured at Ag, after 48 h of growth at 30 °C. Shown
are two representative experiments from fourindependent experiments con-
ducted. The bars indicate the S.E. (n = 8). C, subcellular localization of
AtGRXcp-GFP (top) and AtGRXcpA63-GFP (bottom) in yeast cells. Scale bars,
10 wm.

which is involved in lysine synthesis (21, 27). Previous work
details that grxS5 cells fail to grow on lysine-deficient medium
(21) (Fig. 4B). Expression of AtGRXcp rescued the lysine aux-
otrophy of grx5 cells, although AtGRXcp suppression was less
efficient in comparison with Grx5-expressing grx5 cells (Fig.
4B). These results again indicate that AtGRXcp can partially
restore Grx5 function in yeast cells.

AtGRXcp Suppresses Iron Accumulation in grx5 Cells—Pre-
vious studies in both yeast and zebrafish indicate that deletion
of Grx5 disrupts iron-sulfur cluster maturation and, as a conse-
quence, iron homeostasis, which results in increased levels of
intracellular iron (21, 27). This iron accumulation results in the
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FIGURE 4. AtGRXcp can suppress yeast grx5 phenotypes. A, protein car-
bonyl contents were analyzed by Western blotting with anti-dinitrophenyl-
hydrazone antibody (1:1000). A parallel run stained with Coomassie Brilliant
Blue is shown in the bottom panel. Total proteins were extracted from vector-
expressing wild type strain (lanes 7 and 5) and vector-expressing (lanes 2 and
6), Grx5-expressing (lanes 3 and 7), and AtGRXcp-expressing (lanes 4 and 8)
grx5 cells. B, AtGRXcp partially rescues the lysine auxotrophy of the yeast grx5
mutant. grx5 cells expressing vector, Grx5, and AtGRXcp were assayed on SC
medium with or without lysine. The photographs were taken after 3 days of
growth at 30 °C. C, whole cell iron contents were measured by inductively
coupled plasma spectrometry. All results shown here are the means of three
independent experiments, and the bars indicate S.E. D, intracellular iron levels
were measured by a QuantiChron™ iron assay kit. Shown is one representa-
tive experiment of four independent experiments. The bars represent S.E.
(n=3).

sensitivity of grx5 cells to external oxidants, such as H,O,,
because of iron-mediated ROS formation (19, 21). We have
demonstrated that AtGRXcp protected yeast cells against oxi-
dative damage (Figs. 3 (A and B) and 4A). To further delineate
the potential function of AtGRXcp, we assayed the iron content
in wild type and grx5 cells expressing vector, Grx5, and
AtGRXcp. As shown in Fig. 4, C and D, AtGRXcp- and Grx5-
expressing cells were both able to suppress the iron accumula-
tion (as measured at the whole cell and intracellular levels).
Structural and Functional Analysis of the Conserved CGFES
Motif—Monothiol Grxs contain a conserved putative active motif
CGFS (Fig. 1) (47). To determine the importance of the CGFS
domain for AtGRXcp function, we made two single-amino acid
mutants (Cys®” — Ala change was termed AtGRXcp-AGFS, and
Phe® — Ala change was termed AtGRXcp-CGAS). We per-
formed the aforementioned liquid growth assays to examine if
these mutations in the conserved motif would alter AtGRXcp
function. Yeast cells (grx5) expressing AtGRXcp-AGFES
(AtGRXcp-AGES-GFP) or AtGRXcp-CGAS (AtGRXcp-CGAS-
GFP) grew similarly in YPD liquid media in comparison with
vector- and AtGRXcp-expressing grx5 cells (Fig. 54, data not
shown). However, under oxidative stress, AtGRXcp-CGAS-
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A B AtGRXcp-AGFS-GFP signal dramat-
1 D YPD YPD+3mM H,0, 1 2 3 4 ically decreased, whereas there was
= no significant difference in signal
'=(8 = Q | — intensity over time for the AtGRXcp-
- P el CGAS-GFP- and AtGRXcp-GFP-
> o84 ~FZIEN . .
= f e \ expressing cells (Fig. 5D). These
2 - fj o § findings suggest that the Cys®” vari-
(0] ,|I'"’ P \ N ant alters the protein expression
© 0-4_ e \ \\ . ..
> i \ N and the half-life of AtGRXcp simi-
8 - ﬁ = § % larly in both yeast and plant cells.
0.0 o \ \\ AtGRXcp Is Expressed in Cotyle-
; don, Leaves, Vascular Tissues, and
[ Agrx5/ivector  Ed Agrx5/AtGRXcp-CGAS Flowers—Previously, RNA  blot
E3 Agrx5/AtGRXcp ] Agrx5/AtGRXcp-AGFS analysis indicated that AtGRXcp is
ubiquitously expressed in Arabi-
dopsis plants with high levels of
250-
AtGRXcp- - AtGRXcp mRNA accumulating in
AGFS-GFP Chloroplast Merged 8 200 green leaves (26). To further deter-
8 T mine spatial and temporal AtGRXcp
Q-?:H 150 expression, the 397-bp AtGRXcp
g E promoter was cloned and transcrip-
Ll_.."g 100 tionally fused with the B-glucuroni-
B dase gene (GUS) and then trans-
AtGRXcp- % 50 formed into Arabidopsis plants.
CGAS-GFP Chloroplast Merged More than 50 independent trans-

(AtGRXcp-CGAS-GFP-) and AtGRXcp-expressing grx5 cells
grew significantly better than vector-expressing grxS cells,
whereas AtGRXcp-AGFS- (AtGRXcp-AGFES-GFP-) expressing
grx5 cells grew at a slower rate than vector-expressing cells (Fig.
5A, data not shown). To determine if these amino acid changes
(Cys®” — Ala and Phe®® — Ala) affect protein expression and
stability, we performed Western blots to detect AtGRXcp-GFP
and the variants among yeast total proteins. Indeed, AtGRXcp-
AGFS-GFP was rarely detectable, whereas AtGRXcp-CGAS-
GFP levels were similar to wild type AtGRXcp (Fig. 5B). Those
observations suggest that the Cys®” — Ala change may affect
protein expression, which results in the inability of AtGRXcp-
AGFS to suppress the sensitivity of grx5 cells to H,O,. We can
infer from these yeast assays that the Phe®” in the CGFS motif is
not essential for AtGRXcp function.

We hypothesize that changes in the stability of AtGRXcp-AGFS
will be similar in yeast and plant cells. To test this, we transiently
expressed both mutants and AtGRXcp-GFP in tobacco cells. At
5 h postbombardment, the fluorescent intensities of the proteins
were similar (Fig. 5, C and D). At 24 h postbombardment, the
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AIGRXcp- AtGRXcp- AtGRXcp-

[ 5hr post bombardment
B 24hr post bombardment

FIGURE 5. Effect of mutations of the monothiol motif on protein expression and half-life of AtGRXcp. A,
vector-, AtGRXcp-GFP-, AtGRXcp-AGFS-GFP-, and AtGRXcp-CGAS-GFP-expressing grx5 cells were assayed as indi-
cated in Fig. 3. B, the expression of AtGRXcp and mutant variants in yeast was analyzed by Western blotting
with anti-GFP antibody (1:1500). The bottom panel displays the protein loading stained with Coomassie Bril-
liant Blue. Total proteins were isolated from vector-expressing (lane 1), AtGRXcp-GFP-expressing (lane 2),
AtGRXcp-AGFS-GFP-expressing (lane 3), and AtGRXcp-CGAS-GFP-expressing (lane 4) grx5 cells. C, transient
expression of AtGRXcp-AGFS-GFP and AtGRXcp-CGAS-GFP in tobacco cells at 5 h postbombardment. Scale
bars, 20 um (top) or 25 wm (bottom). D, the fluorescent intensities of AtGRXcp-GFP, AtGRXcp-AGFS-GFP, and
AtGRXcp-CGAS-GFP in tobacco cells were quantified at 5 and 24 h postbombardment. Error bars, S.E. (n > 100).

genic lines were generated. Pre-
liminary GUS staining indicated
that all transgenic lines harboring
AtGRXcp:GUS had similar expres-
sion patterns (data not shown).
AtGRXcp::GUS was highly expressed
in the young cotyledons at 3 days after
germination (Fig. 64). In addition,
AtGRXcp::GUS was detected in the
green tissues (leaves), vascular bun-
dles, roots, stems, and flowers
(Fig. 6, B-E).

AtGRXcp Is Critical for Early
Seedling Growth—To gain insight into the biological function
of AtGRXcp in planta, we analyzed two Salk T-DNA insertional
lines (Salk_125903 and Salk_056587) (32) carrying a T-DNA in
AtGRXcp (Fig. 7A). To confirm the presence of the T-DNA in
atgrxcp plants, we used AtGRXcp-specific and T-DNA-specific
primers to PCR-screen T, progeny and obtained two homozy-
gous lines, termed atgrxcpl and atgrxcp2 (Fig. 7A). Sequence
analysis of the T-DNA flanking regions revealed that in
atgrxcpl the T-DNA is located in the middle of AtGRXcp at
position Met”!, and in atgrxcp 2 the T-DNA is inserted at
position Ile'? (Fig. 7A). Both T-DNA insertions disrupted
AtGRXcp expression as determined by RNA gel blot analysis
(Fig. 7B).

Both atgrxcpl and atgrxcp? failed to display visible defects
in seed germination and early growth in normal nutrient
medium in comparison with wild type (Fig. 8). Given that
AtGRXcp is able to restore yeast Grx5 function (Figs. 3-5),
whose mutation causes iron accumulation (21), we were
interested in determining if an AtGRXcp deletion would
affect the iron sensitivity of seedlings. Both wild type and

GFP AGFS-  CGAS-
GFP GFP
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FIGURE 6. Histochemical analyses of Arabidopsis plants expressing an
AtGRXcp promoter::GUS fusion. A, GUS staining in cotyledons in 3-day-old
developing seedlings. Scale bar, 50 um. B, GUS staining in rosette leaf. Scale
bar, 2 mm. C, GUS staining in primary and lateral roots. Scale bar, 200 um. D,
GUS staining in vascular bundle in stems. Scale bar, 1 mm. E, GUS staining in
flowers. Scale bar, 2 mm.

atgrxcp2 atgrxcp1
A —;—
B (03 1 2 3
1 2 3 "l‘ ‘
4 L L
AtGRXcp AtGRXcp-GFP :::

AtGRXcp

rRNA

bl

FIGURE 7. AtGRXcp deficiency in Arabidopsis plants results in protein oxi-
dative damage. A, genomic structure of AtGRXcp showing the sites of T-DNA
insertions. B, RNA gel blotting analysis of total RNA isolated from wild type
(Col-0, lane 1), atgrxcp1 (lane 2), atgrxcp2 (lane 3), and 35S CaMV promoter-
AtGRXcp-GFP (lane 4) plants, demonstrating the absences of AtGRXcp mRNA
in both atgrxcp plants. The 35S CaMV promoter-AtGRXcp-GFP transgenic
plants contain both endogenous AtGRXcp and transgene AtGRXcp-GFP
mRNAs. C, protein oxidation in chloroplasts was analyzed by Western blotting
as indicated in Fig. 4. Lane 1, wild type; lane 2, atgrxcp2; lane 3, 35S CaMV
promoter-AtGRXcp-GFP.

atgrxcp seeds were germinated and tested on both iron-suf-
ficient and iron-deficient media. No significant difference
was seen between wild type and atgrxcp mutants. However,
when wild type and atgrxcp seeds were germinated and
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. Col-0 argmcpf |:|atgnrcp2

FIGURE 8. AtGRXcp knock-out mutants are sensitive to external oxidants.
Wild type (Col-0) and atgrxcp allele seeds were germinated and grown on
one-half strength Murashige and Skoog and the same medium supple-
mented with 3 mm H,O, for 10 days. A, shown is one representative experi-
ment of three independent experiments. B, root growth measurement. The
length of primary roots of seedlings was measured after 10 days of growth on
the medium with or without H,0O,. Error bars, S.E. (n > 50).

grown on one-half strength Murashige and Skoog medium
containing 3 mM H,0,, young seedlings of atgrxcp grew at a
reduced rate as measured by alterations in primary root
growth (Fig. 8).

Given that AtGRXcp is localized to chloroplasts, which
are major sites of ROS production, we hypothesize that
AtGRXcp functions in protecting against protein oxidation
in chloroplasts. To test this, we isolated total chloroplast
proteins from wild type-, atgrxcp-, and AtGRXcp-GFP-over-
expressing plants and detected carbonyl content of the pro-
tein samples. As shown in Fig. 7C, the protein carbonylation
for extracts from atgrxcp alleles was higher than that
observed for extracts from wild type and AtGRXcp-GFP-
overexpressing plants (Fig. 7C, data not shown).
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DISCUSSION

ROS-mediated protein oxidation in chloroplasts impairs
both photosynthesis and metabolic enzyme activities (1, 10).
Plants have evolved a sophisticated network to scavenge ROS
(2—4). Evidence presented here indicates that plant Grx coding
sequences are similar to those found in other species, and, as we
detail in this study, functional analysis also justifies the reclas-
sification of CXIP1 to AtGRXcp (Fig. 1) (26). Our findings
reveal that the first characterized plant Grx, AtGRXcp, is a
functional monothiol Grx localized to chloroplasts (Fig. 2). We
also demonstrate that loss of AtGRXcp in Arabidopsis leads to
protein oxidation in chloroplasts and seedlings sensitive to
external oxidants, such as H,O, (Figs. 7 and 8), implicating
a critical role of AtGRXcp in regulating redox state in
chloroplasts.

A large number of Grxs have been identified in various spe-
cies based solely on genome analysis (Fig. 1). In plants, several
members of this protein family are predicted to target to and
function in plastids/chloroplasts (30); however, little is known
about their physiological roles. Both plant AtGRXcp and
zebrafish Grx5 are able to suppress yeast gre5 mutant pheno-
types (Figs. 3—5) (27), suggesting that the biological function of
this group of monothiol glutaredoxins is evolutionarily con-
served. Interestingly, AtGRXcp-GFP, like Grx5, localized to the
mitochondria when expressed in yeast cells (Fig. 3C); however,
AtGRXcp localized to chloroplasts in plant cells (Fig. 2). The
dual targets of AtGRXcp have been observed for other plant
and yeast proteins (45, 48). For example, the plant phosphate
transporter, Pht2,1, localizes to the chloroplast envelope in
plants but to mitochondria when expressed in yeast (48). The
nuclear localized yeast Grx3 has been shown to be able to com-
pensate for Grx5 when localized to the mitochondria (45).
Mitochondrial localization of AtGRXcp in yeast is necessary for
its function, as evidenced by the fact that when the 63-amino
acid signal peptide of AtGRXcp was removed, the truncated
form of AtGRXcp was unable to target mitochondria and sup-
press the sensitivity of grx5 cells to H,O, (Fig. 3).

The ability of AtGRXcp to partially restore the Fe-S enzyme
activities and suppress iron accumulation in yeast grx5 cells
suggests that AtGRXcp may be required for biogenesis of iron-
sulfur (Fe-S) clusters and/or involved in the regulation of iron
homeostasis in chloroplasts. In plants, Fe-S clusters have an
important role in the light-harvesting photosystem I and the
cytochrome b,/f complex for electron transport (49). Chloro-
plasts/plastids also contain many Fe-S proteins, such as a
2Fe-2S ferredoxin and 4Fe-4S ferredoxin-thioredoxin reduc-
tase (50). Recent studies indicate that Arabidopsis proteins
directly and indirectly linked to chloroplast activities exhibit
more sensitivity to oxidative damage (9). There is a possibility
that AtGRXcp protects protein oxidative damage via modulat-
ing iron homeostasis to control iron-generated oxygen radicals
within chloroplasts. Support for this model was observed in
AtGRXcp-expressing yeast cells. Apparently, AtGRXcp attenu-
ates protein oxidation by reducing intracellular iron levels (Fig.
4, C and D). Furthermore, in plants, proteins from chloroplasts
of atgrxcp plants were subjected to increased carbonylation, an
indicator of increased oxidative damage to proteins (Fig. 7C). It
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is also possible that AtGRXcp suppression of yeast grx5 mutant
phenotypes was due to activation of the ROS scavenging system
(Figs. 3 and 4). In support of this hypothesis, recent studies
indicate that monothiol Grxs can modulate cellular signaling
events through protein-protein interactions mediated by
PICOT-HD (23, 26, 51). Future work will be necessary to deter-
mine the target(s) of AtGRXcp and understand the complexity
of ROS regulation in planta.

AtGRXcp contains the putative active motif, CGFS (Fig. 1), and
substitution of the conserved cysteine residue (Cys””) with alanine
caused a deceased expression and shorter half-life of AtGRXcp in
both yeast and plant cells (Fig. 5, B-D). In contrast, mutation of
both the conserved Cys®® and the nonconserved Cys''” in yeast
Grx5 and the conserved Cys® in bacterial Grx4 did not signif-
icantly affect protein stability (20, 47, 52). These findings sug-
gest that this particular cysteine residue (Cys””) may play a
unique role in the plant AtGRXcp. In addition, our results sug-
gest that the conserved phenylalanine residue (Phe®”) is not
essential for the function of AtGRXcp (Fig. 6). In this case, our
findings are similar to that observed with the Phe®? variants
in yeast Grx5 (47). Recently, the resolved three-dimensional
solution structure of the bacterial Grx4 reveals that this
monothiol Grx has a unique structure, which is significantly
different from the dithiol Grxs (53). AtGRXcp consists of
four cysteine residues: the conserved Cys®” and the noncon-
served Cys'®!, which are located in the conserved GRX
region (Fig. 1), and two additional cysteine residues (Cys®*
and Cys'”?) that are not conserved in the monothiol Grxs
(Fig. 1) (26). Future work will need to be directed at the
various roles these cysteine residues may have in disulfide
formation, electron donation, and redox-catalysis.

We have already pursued several avenues to further discern
the biochemical properties of AtGRXcp. Initial analysis indi-
cated that AtGRXcp, like yeast Grx5 and bacterial Grx4, was
not active in either the insulin or the B-hydroxyethyl disulfide
assays (data not shown) (20, 52). We certainly envision
AtGRXcp playing a myriad of roles in planta; however, studies
directed at clarifying other AtGRXcp functions require addi-
tional inquiry.

Recent reports have shown that Arabidopsis has high steady-
state levels of protein carbonylation, particularly chloroplastic
proteins, during vegetative growth (9, 54). AtGRXcp is highly
expressed in young cotyledons, green leaves, and the vascula-
ture of roots (Fig. 6, A—C), implicating that AtGRXcp may be
critical for protecting chloroplasts/plastids against oxidative
damage during early growth and development. In agreement
with this, atgrxcp mutant roots are more sensitive to external
oxidants (Fig. 8). It is possible that plastidic AtGRXcp could be
involved in the glutathiolation/deglutathiolation of proteins
through coupling with GSH and GSH reductase in chloro-
plasts/plastids, which is required for early seedling growth (55).
This hypothesis is reinforced by results suggesting that changes
in glutathione redox state controlled via GSH reductase activi-
ties have an important role in cell differentiation, root growth,
and plant development (56, 57). In addition, a CC type Grx,
ROXY1, appears to play a role in post-translational regulation
of floral identity gene products that are required for floral petal
development (31).
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Although atgrxcp plants did not display any altered sensitiv-
ity to iron imbalance at the whole plant level (data not shown),
this may be due to tight regulation of iron uptake (34) or iron-
related phenotypes being masked by functional redundancy
among Grxs (12, 30). The interplay among Grxs and various
antioxidant systems will also be addressed in future studies.

The characterization of AtGRXcp reported here is particu-
larly noteworthy in that Grxs have not been previously func-
tionally characterized. AtGRXcp appears to be evolutionarily
conserved across taxa, and the capability of AtGRXcp to rescue
yeast Grx5 deficiency phenotypes suggests a conserved bio-
chemical mechanism among monothiol Grxs. The AtGRXcp-
deficient plant lines demonstrate that this protein plays a criti-
cal role in protecting protein oxidation during stress
conditions. Given that there are at least 31 genes in the Arabi-
dopsis genome coding glutaredoxins, the characterization of
AtGRXcp is an important first step toward understanding how
this large gene family functions in adapting plants to external
stresses.
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